In this letter, the uniform lying helix ͑ULH͒ liquid crystal texture, required for the flexoelectro-optic effect, is polymer stabilized by the addition of a small percentage of reactive mesogen to a high-tilt-angle ͑ Ͼ 60°͒ bimesogenic chiral nematic host. The electro-optic response is measured for a range of reactive mesogen concentration mixtures, and compared to the large-tilt-angle switch of the pure chiral nematic mixture. The optimum concentration of reactive mesogen, which is found to provide ample stabilization of the texture with minimal impact on the electro-optic response, is found to be approximately 3%. Our results indicate that polymer stabilization of the ULH texture using a very low concentration of reactive mesogen is a reliable way of ruggedizing flexoelectro-optic devices without interfering significantly with the electro-optics of the effect, negating the need for complicated surface alignment patterns or surface-only polymerization. The polymer stabilization is shown to reduce the temperature dependence of the flexoelectro-optic response due to "pinning" of the chiral nematic helical pitch. This is a restriction of the characteristic thermochromic behavior of the chiral nematic. Furthermore, selection of the temperature at which the sample is ultraviolet cured allows the tilt angle to be optimized for the entire chiral nematic temperature range. The response time, however, remains more sensitive to operating temperature than curing temperature. This allows the sample to be cured at low temperature and operated at high temperature, providing simultaneous optimization of these two previously antagonistic performance aspects.
I. INTRODUCTION
The flexoelectro-optic effect in short-pitch chiral nematic liquid crystals 1,2 is of interest as it is a fast switching effect exhibiting an in-plane rotation of the material optic axis, the angle of which is linearly dependent on the applied electric field. For these reasons it has potential in wide viewing angle, gray scale capable, large viewing area, video frame rate displays. The uniform lying helix ͑ULH͒ liquid crystal texture required for the effect, however, is not straightforward to obtain and tends to degrade to the lowerenergy Grandjean ͑standing helix͒ configuration over time.
The ULH texture has been made stable over time by the use of periodic surface alignment patterning, 3 but the only method so far found to stabilize the ULH texture to thermal cycling out of the chiral nematic ͑N * ͒ phase, and the effects of dielectric unwinding of the director helix by applied electric fields, has been the introduction of a polymer network in the texture by ultraviolet curing approximately 10% of dissolved photoreactive monomer while in the ULH texture. 4 Due to concerns over the restrictive effect such volume stabilization may have on the already small-angle-switching capabilities of the materials available to date, methods of selectively polymerizing only the surface regions of the device, thereby providing sufficient stabilization but leaving the bulk free to switch have also been developed. 5 These have also been shown to reduce the residual birefringence introduced by the anisotropic polymer network through the bulk of the material.
Using recently developed reactive mesogens supplied by Merck NB-C, the restrictive effects are directly measured in a mixture otherwise exhibiting a very large flexoelectro-optic response, and found to be dependent on the concentration of reactive monomer used, allowing for the development of a mixture that provides sufficient texture stabilization with minimal impact on the device electro-optics. The need for complex surface alignment procedures and/or localized polymerization techniques is therefore removed.
In the course of this study, the introduction of the polymer network is found to offer the supplementary advantage of increased temperature independence of the flexoelectrooptic response. The temperature at which the sample is UV cured is found to significantly alter the electro-optic characteristics of the device over the whole chiral nematic temperature range. A disparity in the extent to which the flexoelectro-optic tilt angle and the switch response times are restricted to temperature variations by the polymer is also observed, allowing UV curing and operating temperatures to be selected to optimize these two parameters simultaneously.
II. SAMPLE PREPARATION
A mixture was prepared of the following bimesogenic liquid crystals, in equal measure ͑weight/weight͒: ␣-͑2',4-difluorobiphenyl-4'-yloxy͒--͑2',4-ifluorobiphenyl-4'-yloxy͒ a͒ Author to whom correspondence should be addressed. 
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͑FFE11EFF͒. These will subsequently be referred to by their acronyms, shown in parenthesis after each full name and adjacent to each structure in Fig. 1 . These materials have been developed in house specifically for their large flexoelectro-optic response ͑ Ͼ 60°͒ and small dielectric constants ͑⌬⑀ Ϸ 0͒. [6] [7] [8] To this was added 1.85% ͑w/w͒ BDH1281, a high twisting power chiral dopant ͑Merck NB-C͒. 9 This mixture was kept in the isotropic phase ͑I͒ for several days to allow complete mixing, at which point it was divided into four parts and the monomer diacrylate reactive mesogen RM257 ͕1 , 4-bis͓3-͑acryloyloxy͒propyloxy͔-2-methyl, Merck NB-C͖ 10 was added to three of them in the required quantities to provide a range of mixtures of the chiral nematic material with the following concentrations: 0%, 3.12%, 6.18%, and 10.09% ͑w/w͒. Each of the three reactive mesogen containing mixtures was then supplied with approximately 1 wt. % of Irgacure 819 photoinitiator ͓phos-phine oxide, phenyl bis ͑2,4,6-trimethyl benzoyl͒, Ciba Speciality Chemicals Inc.͔.
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The completed mixtures were then capillary filled into test cells of indium tin oxide ͑ITO͒-coated glass with a 5 m cell gap and rubbed polyimide surface treatment to provide planar alignment of the local nematic director. The ULH texture was obtained in these cells by cooling the mixtures from the isotropic into the chiral nematic phase under the influence of an applied electric field, and applying pressure to the cell to shear the mixture. Once obtained, the ULH was stabilized by exposing the cell to a UV light source ͑Macam flexicure͒ at 5°C below the isotropic-nematic transition point, crosslinking the monomer and creating a polymer network through the bulk of the cell. In the 0% reactive mesogen mixture, the ac field applied to the cell could be varied in amplitude for the electro-optic measurements, but had to remain present at all times to prevent relaxation of the texture to the Grandjean. In the 10% monomer mixture, phase separation occurred between the nematic mixture and the monomer and no ULH texture could be obtained.
III. EXPERIMENTAL SETUP
Each of the three ULH aligned cells was placed on a hot stage ͑Linkam͒ allowing temperature control to 0.1°C accuracy, in an Olympus BH-2 polarizing microscope. This allowed simultaneous observation of the ULH texture and measurement of the flexoelectro-optic response of the cell via a photodiode mounted on the microscope, input to a digitizing oscilloscope. In this way the electric field-dependent optic axis tilt angles and response times can be measured according to the method outlined in Ref. 6 . The field was applied between the ITO electrodes on the cell surfaces, supplied by the amplified output from a waveform generator.
IV. RESULTS AND DISCUSSION

A. The quantitative effect of the polymer on flexoelectro-optic switching
The I → N * temperature transition point ͑T c ͒ was measured and found to be 61°C for all mixtures, with no hysteresis on reheating. Both the 3% and 6% monomer mixes were found to return spontaneously to the ULH texture on entry to the N * from either the isotropic or crystalline phases. The undoped mixture had to undergo the alignment procedure outlined earlier each time. This is evidence of the stabilization of the texture as found previously using 10% ͑w/w͒ of UV curing monomer BAB. 4 The level of ruggedness of texture achieved can also be tested by applying a strong enough electric field to completely unwind the director helix and cause an N * to homeotropic nematic transition in the material, before relaxing the field and checking the texture. This was not possible in these materials due to the very low dielectric anisotropy of the mixtures preventing complete helix unwinding. The textures were also observed in the isotropic phase, with both the 0% and 3% mixtures exhibiting a uniform black state between crossed polarizers, but the 6% mix having a residual birefringence due to the greater mesogenic polymer density.
The flexoelectro-optic tilt angles were measured for three mixtures at a range of temperatures from T c to slightly above room temperature and were found to exhibit the usual electric field and temperature dependence. 7 The measured tilt angles for each mixture at a shifted temperature, T s ͑T s = T − T c ͒, of −20°C are plotted in Fig. 2 . The response times were also measured for the same temperatures, and their field dependence at T s = −20°C is shown in Fig. 3 . These response times correspond to the average of the 10-90 response time, defined as the time taken for the transmitted intensity to vary from 10% to 90% of the total value upon a reversal of the polarity of the electric field, and the 90-10 response time, which also corresponds to a sign reversal but is the time taken for the transmitted intensity to vary from 90% to 10% of its total value. In actual fact, it was found that there was little difference between these two response times and thus hereafter we only consider one of these response times, namely, 10-90 . 
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Analyzing the data from the figures, the addition of 3% reactive mesogen restricts the optic axis tilt angle switch to an average of 88.4% of the unpolymerized switch over the applied E-field range. In fact, the 3% mixture can be made to switch over larger angles than the pure chiral nematic mixture by the application of higher fields, which disrupted the response in the pure chiral nematic. This is a very encouraging result. The 6% ͑w/w͒ RM257 mixture, however, exhibited switching on average of only 47.8% of that of the undoped chiral nematic. This indicates considerable restriction at these levels of polymer concentration. The response times exhibited a similar level of monomer concentration dependency, switching at 95.6% and 62.8% of the pure chiral nematic response times in the 3% and 6% mixtures, respectively. This is interesting as the polymerization appears to allow a trade-off between switching angle, of which these materials have an excess ͑most devices requiring only = 22.5°for full intensity modulation͒, for a faster response.
B. The effect of the polymer on the temperature dependence of the switch
The addition of the polymer also appears to enhance the temperature independence of the device characteristics. Figure 4 shows the flexoelectro-optic tilt angle measurements for the three differing polymer concentration mixtures over a range of temperatures below the isotropic-nematic transition point. The tilt angle is reduced by the addition of greater percentages of polymer, as shown previously for all temperatures, but the change of tilt angle over the temperature range is also reduced by the addition of a polymer network. For the undoped sample, the tilt angle increases by 25.8% upon reducing the temperature from 5 to 25°C below the isotropicto-chiral nematic transition point. This change actually increases very slightly in the 3% mix ͑assumed to be experimental error͒, but is reduced to 14.3% in the mixture containing 6% crosslinked polymer.
The reduced temperature dependence of the electrooptics in the 6% RM257 sample can also be observed in the response time measurements. Here, a direct comparison of response times for a switch induced by a given field is not possible, as the different mixtures have different tilt angles for a given field and a larger switch will generally have a longer response time, but the temperature dependence for switches induced by a constant field of 2 V / m ͑Fig. 5͒, or for a constant 22.5°angle of switch ͑Fig. 6͒, can be examined, and both comparisons show the reduction in observed temperature dependence.
On decreasing the temperature of the samples from 5 to 25°C below the isotropic-to-chiral nematic transition, the unpolymerized mixture showed an increase in the 10-90 response time for a 22 V / m switch of 328%. This was reduced to a 278% change in the 6% polymer mixture. For a constant optic axis rotation of 22.5°over the same temperature range, the addition of the polymer again reduced the change in the response time from 331% to 285%, going from 0% to 6% polymer. These temperature dependencies are shown in Figs. 5 and 6. It is believed that the observed reduction in the temperature dependence of the flexoelectro-optic effect in polymer stabilized samples is principally due to restriction of the change in the chiral nematic pitch with temperature. The flexoelectro-optic tilt angle for a given applied field is shown in Eq. ͑1͒, where ē is the average of the flexoelectric coefficients, E is the applied field, K is the average of the splay and bend elastic constants for the material, and can be seen to be linearly proportional to the pitch, P 2 :
The response time of the switch is given by Eq. ͑2͒, where ␥ is the effective viscosity associated with the rotation, and can be seen to be proportional to the pitch squared:
"Freezing" or "pinning" of the pitch and consequent reduction in its usual temperature variation by the presence of a polymer network would then account for this reduction in temperature dependence of the electro-optics. "Freezing" of the chiral nematic pitch via polymerization has been observed previously in Grandjean textured chiral nematic liquid crystals in which the alignment layer on the glass also helps stabilize the pitch. This has been used to broaden the reflection band in chiral nematic samples by stabilizing an out-ofequilibrium condition pitch gradient caused by either photoinduced diffusion 12 or curing over the period of a temperature ramp. 13 The samples tested above have too long a pitch for the characteristic chiral nematic reflection band to be measurable in a Grandjean aligned cell with a standard microscopemounted visible band spectrometer. For this reason, a second set of mixtures was made with the same mesogenic components, but a higher percentage of chiral dopant ͑2.5% BDH1281 w/w͒. The pitch of these was estimated by measurement of the position of the long-wavelength band edge in the reflection spectrum of a Grandjean textured cell. In the 0% polymer sample, this band edge moved from 611 to 689 nm on cooling from T s =−5 to T s = −30. The position of the long-wavelength band edge in a chiral nematic sample is given by
where n ʈ is the refractive index of the material parallel to the local nematic director and P is the pitch. As an estimate, we take n ʈ = 1.7; therefore, the pitch change in this sample is from 359 to 405 nm. In the 6% polymer sample, which was UV cured to crosslink the polymer at T s = −5, the longwavelength band edge remained pinned at 649 nm, corresponding to a pitch of approximately 382 nm, for the entire temperature range.
C. The effect of polymerization temperature on the flexoelectro-optic switch
The strong freezing of the chiral nematic pitch by the polymerization of the small percentage of UV curing monomer, as well as reducing the temperature dependence of the flexoelectro-optics, allows selection of the optimum pitch, within the range exhibited by the undoped sample. This can be fixed over the entire chiral nematic range by UV curing at the temperature exhibiting the desired pitch. To demonstrate this, a second cell was made with the 6% polymer mixture, in addition to the 382 nm pitch sample described earlier, and UV cured to polymerize, but this time at T s = −30°C. This sample exhibited a reflection spectrum with a longwavelength band edge at 701 nm ͑pitch ϳ412 nm͒, which was pinned throughout the entire nematic range. Both these samples, polymerized at different temperatures and exhibiting pitches fixed at different values, had textures and pitches that were unchanged by thermal cycling into the isotropic phase.
This raises the question as to whether the presence of the polymer is as effective in pinning the pitch of the material in the ULH texture, in which there are no additional glass boundary restrictions to the pitch, unlike the Grandjean case. If so, it ought to allow selection of an optimum pitch for the desired flexoelectro-optic properties. It is not possible to measure the pitch of a chiral nematic sample aligned in the ULH texture via an equivalent reflection spectrum method as with the Grandjean, but if the pitch is frozen in by UV polymerization at a particular temperature, this ought to manifest itself in the flexoelectro-optics over the entire chiral nematic temperature range.
Two further cells were made and filled with the same 6% polymer chiral nematic mixture. The ULH texture was obtained and the cells UV cured to fix the texture and the pitch, one cell at T s = −10, and one at T s = −30. The portions of the cell outside the electrode area remained in the Grandjean configuration, and the pitches of these was measured to be 388 and 405 nm, respectively. This was unchanged for both cells over the chiral nematic temperature range. The flexoelectro-optic tilt angles and response times were measured for each of these cells, as described earlier, for a range of temperatures, and the results are shown in Figs. 7 and 8 , respectively.
These plots show conclusively that the polymerization of the samples does freeze the chiral nematic pitch in the ULH texture, and that this restriction of the pitch to its value at the time of polymerization has a significant effect on the flexoelectro-optic characteristics of the sample over the entire chiral nematic temperature range, as would be expected from Eqs. ͑1͒ and ͑2͒. Indeed, Fig. 7 shows that the temperature at which the sample is polymerized has a significantly greater effect on the observed tilt angles for a given field than the operating temperature. There is, however, still some change in the tilt angle with operating temperature, which suggests that, in spite of the thermally invariant pitch, the flexoelastic ratio ē / K must depend on temperature. The average of the splay and bend elastic constants
is believed to change with temperature as the square of the nematic order parameter S. Previous reports have suggested that the sum of the splay and bend flexoelectric coefficients
is also proportional to S 2 . 15 If this is the case, then the flexoelastic ratio should be temperature independent overall. However, our results contradict this hypothesis, and suggest that the flexoelastic ratio actually has a small temperature dependence. Other reports have suggested that the flexoelectric constants have a linear dependence on S. 16, 17 If this were true then the flexoelastic ratio would be inversely proportional to S and would, as a result, decrease with temperature which is not observed here. Therefore, further work is being carried out to ascertain the origin of the thermal dependence of the tilt angle. Figure 8 shows that, although the UV curing temperature does have a significant effect on the response times, the operating temperature is still more important for this parameter. This indicates that although the switching time is dependent on P 2 , from Eq. ͑2͒, the temperature dependence of the viscosity outweighs this, and that this is not significantly pinned by the introduction of the polymer.
Such a result is extremely useful, as it allows the tilt angle to be maximized ͑normally by operating at low temperature͒ at the same time as the response time is minimized ͑normally at high temperature͒. Optimization of both aspects of a device's performance simultaneously can now be achieved by UV curing the sample at low temperature and operating at high temperature. Previously, in an unpolymerized sample, the operating temperature would have to be chosen to effect the best compromise between these two performance aspects, the temperature optimization of which would be mutually exclusive.
V. CONCLUSIONS
Volume stabilization of the ULH texture in short-pitch chiral nematic liquid crystals, by UV curing of a small per- centage of reactive mesogen, has been found to have a concentration dependency on the flexoelectro-optic characteristics of a large-tilt-angle mixture. The polymer network restricts the electric field-dependent rotation of the optic axis in the plane of the cell, and reduces the response time of the switch. A reactive mesogen concentration of approximately 3%, however, appears to offer sufficient texture stabilization with minimal impact on the device electro-optics.
The introduction of a polymer network has also been shown to reduce the temperature dependence of the flexoelectro-optic tilt angles and response times measured in the sample over the chiral nematic temperature range. This is believed to be principally due to restriction of the temperature variation of the pitch of the material, characteristic of chiral nematic liquid crystals.
The ability to UV cure the reactive mesogen within the sample at a temperature which exhibits optimal device performance ensures that this performance is maintained over the chiral nematic temperature range. The flexoelectro-optic tilt angle has been shown to be restricted to temperature variations to a far greater extent than the response time of the switch. This is due to the fact that the Arrhenius temperature dependency of the viscosity remains despite polymerization. This allows a device to be fabricated in which the material is UV cured at a temperature providing optimal tilt angle characteristics, and operated at a temperature providing optimal response times. These two usually antagonistic performance factors can therefore now be simultaneously optimized. 
